Galactocerebrosides and sulfatides are major characteristic components of vertebrate myelin. In contrast, glucocerebroside is the major glycosphingolipid of shrimp nerve. In this study, the concentrations of these glycosphingolipids in the nervous systems of animais from several evolutionary branches were determined by use of high-performance liquid chromatography. In nerves of protostome animals only glucose-containing glycosphingolipids were detected, whereas glycosphingolipids from deuterostomes contained predominantly galactose. Neither the glycolipids containing a-hydroxy fatty acids nor sulfate esters of the glycolipids, both of which always accompany galactocerebrosides in deuterostome myelin, were present in protostome nerves. This correlation suggests an evolutionary trend from gluco-to galactocerebrosides, which corresponds with changes in the nervous system from loosely structured membrane-enwrapped axons to multilameliar highly structured myelin.
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Rapid saltatory conduction of nerve impulses in vertebrates is facilitated by the myelin sheath, a unique multilamellar membrane that tightly enwraps axons (1) . Vertebrate myelin is characterized by abundant lipids, with particularly high levels of galactocerebrosidest and sulfatides, which are considered to be myelin markers (2) . The nervous systems of invertebrates, on the other hand, lack true compact myelin, although axons in higher orders (e.g., crustacea) are surrounded by layers ofloosely bound membrane (3). Previously we found that the nervous system of the brown shrimp (Penaeus aztecus aztecus) contained high concentrations of glucocerebroside but no galactocerebroside (4) . Since little is known about the chemical composition ofthe nervous system of lower animals and because of the possible evolutionary significance of the change from gluco-to galactocerebroside in the development of the nervous system, we began a systematic survey ofthe sphingolipid composition of nervous tissue from a wide variety of animals from several evolutionary branches. We found that, whereas nervous system glycolipids from deuterostomes contained predominantly galactose, those from protostomes contained only glucose.
MATERIALS AND METHODS Animals. Animals studied are listed in Table 1 and were of reproductive age unless otherwise specified. These animals were obtained either from colleagues or from marine supply houses, as also indicated in Table 1 . Appropriate nerves (Table 1) were dissected under a microscope after the animal had been anesthetized either by immersion in 0.02% ethyl m-aminobenzoate methane sulfonate or by exposure to cold temperature.
Glycosphingolipid Analysis. Concentrations of gluco-and galactocerebrosides and sulfatides were measured by HPLC after treating these lipids by benzoylation-desulfation as described (5) . The nerves were homogenized in cold water immediately after dissection and total lipids were extracted with chloroform/methanol and washed according to Folch et al. (6) . The total lipids obtained were then benzoylated with benzoyl chloride and pyridine and the sulfate group of perbenzoylated sulfatides was solvolyzed by trifluoroacetic acid in ethyl acetate (5) . By this procedure, cerebrosides were converted to perbenzoylated derivatives while sulfatides were derivatized to partially benzoylated cerebrosides in which the galactose-3 hydroxyl group was set free. Subsequent analysis by HPLC yielded well-separated peaks for derivatives from glucocerebroside, nonhydroxygalactocerebroside, hydroxygalactocerebroside, nonhydroxysulfatide, and hydroxysulfatide. For the HPLC analysis, we used a gradient system composed of two pumps and a gradient maker (Spectra-Physics, Santa Clara, CA). A Spherisorb silica 5,u column (Phenominex) was eluted with a hexane/ isopropanol mixture as described (5) . The peaks were detected by use of a model 770 spectromonitor (Kratos) at 230 nm and the peak areas were computed on an Apple II plus computer equipped with an analog to digital interface and chromatochart software (Interactive Microware). Galactocerebrosides and sulfatides isolated from calf brain and glucocerebrosides obtained from spleen of a human patient with Gaucher disease and from shrimp nerves (4) were used as standard compounds. When the concentration of glycolipids was very small, the total lipids were first fractionated by silica gel (Unisil 100-200 mesh, Clarkson Chemical) as described by Rouser et al. (7) . The glycolipid fraction, eluted with acetone, was then subjected to derivatization.
In those organisms in which the level of glucocerebrosides was sufficiently high, which included shrimp ventral nerves and the highly innervated sensory swimmerets of blue crab and horseshoe crab, glycolipids were isolated and their structures were identified by previously described methods, including TLC, infrared spectrometry, and characterization of carbohydrate, fatty acids, and sphingoid base moieties (4 Although the retention volume of cerebroside changes to some extent according to its sphingoid base composition, the range of all glucocerebrosides (7.2-7.6 ml) was consistently less than that of galactocerebroside (7.8-8.0 
DISCUSSION
Limited investigations in the past in which whole-body preparations were studied have indicated that both gluco-and galactocerebrosides are distributed in small quantities in many protostomes and deuterostomes as well as parazoan animals with diffuse ganglionic nervous systems (16) (17) (18) (19) (20) (21) . The present investigation focused on isolated nervous system tissues and demonstrates a distinct dichotomy between the carbohydrate moieties of cerebrosides found in these tissues. Only glucose-containing lipids were found in the protostomes examined. On the other hand, galactose predominated in deuterostome glycolipids. Therefore, it is reasonable to postulate that the expression of glycolipid synthesis in the nervous system is different from its expression in other body tissues in these animals and distinctly divergent on an evolutionary basis as well.
In the nervous system of mammals (a complex deuterostome), most, if not all, galactocerebrosides are located in myelin (13) . Recently we have found that glucocerebrosides in ventral nerves of shrimp, a complex protostome, are highly localized in the sheath membranes surrounding axons (unpublished data). Although compact myelin was not found in the nervous system of lamprey and hagfish (22), we found that amphioxus, which is considered to be more primitive than lamprey or hagfish, contained small amounts of galactocerebroside and sulfatide. Therefore, although we could not isolate myelin or sheath membranes from individual animals, our findings in the present study indicate that the induction of galactocerebroside synthesis in the nervous system of deuterostomes may be a significant prerequisite to the development of the myelin structure seen only in vertebrate nerves.
As described above, the axons of protostomes are covered by a single layer or single layers of membrane, which remain loosely bound and lack the compactness of vertebrate myelin (3). Even shrimp nerves, which contain glucocerebrosides in concentrations comparable to galactocerebroside in vertebrate myelin (Table 1) , do not form compacted multilamellar myelin around axons (23, 24) but maintain unusually high nerve conduction velocity (23, 25) . The high concentration of glucocerebroside in its nervous system could be related to this property. In addition to the difference in carbohydrate moiety, galactocerebrosides, in contrast to glucocerebrosides, are always accompanied by isomers containing ahydroxy fatty acids and by their sulfated derivatives, sulfatides (26) . This diversity of glycolipids represents three biochemical distinctions between deuterostome and protostome nerve sheath that may also contribute to the development ofthe precise myelin lamellar structure in deuterostome nervous systems.
We thank the National Aquarium in Baltimore and the U.S. Department of Agriculture-Agricultural Research Station Rangeland Insect Laboratory, Montana State University, for providing specimens used in this study. We are also grateful to Dr. I. Yamamoto for the preparation of ant extracts, Dr. Pamela Talalay for editorial assistance, and Janice White for secretarial assistance. This work was supported in part by Grant BNS-8314337 from the National Science Foundation and Grants NS-13559 and NS-13569 from the National Institutes of Health. Table 1 (on opposite page). The following code is used to identify the commercial source of the animals used in this study: L, local wholesaler; G, Gulf Specimens; C, Carolina Biological Supply; N, National Aquarium (Baltimore); M, Montana State University; and H, Hokuriku University. Data for Northern lobster and crayfish were obtained from unpublished work by K. Shimomura, S. Hanjura, and Y. Kishimoto. Ants were collected and dissected, and their total lipids were extracted by I. Yamamoto (Hokuriku University, Japan). For more examples of amphibian, reptile, and fish nervous systems, see Ramsey (9) , Tamai et al. (10) , and Ki and Kishimoto (11) . Data for rat were cited from Hauser (12) ; for a more detailed study, see Nonaka and Kishimoto (13) . Data for humans were obtained from O'Brien et al. (14) ; the ratio of glucocerebrosides to galactocerebrosides was reported by Tamai and Yamakawa (15) to be 0.024 in a 59-year-old human brain. Antennae and swimmerets from shrimp, lobster, and crabs include nonneural tissues, such as shell and muscle. G or N of octopus peripheral nerves indicates nerve section including ganglion or that without ganglion, respectively. Concentrations of glucocerebrosides (Glc-C), galactocerebrosides (Gal-C), and sulfatides are expressed as nmol/g of wet weight. HFA, hydroxy fatty acids; NFA nonhydroxy fatty acids; -, not detected; tr.
trace amounts (<1% of total glycolipids); na, data not available. (Numbers in parentheses in column 1 are the numbers of specimens used.) *Whole heads were used for determination.
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